A band pass ΣΔ modulator using three different noise shaping based cross coupling techniques is proposed here. The effective use of time interleaving technique along with noise cross-coupling improves the performance of the modulator. Three variations of the conventional architecture are proposed -simple cross-coupling, extended cross-coupling and dual extended cross-coupling, which enhances effective order of noise shaping for a band pass modulator without significant overhead. By using extended cross-coupling and dual extended cross coupling architectures, the order of NTF is improved and it is evident that the proposed architectures shows a better in-band noise rejection with relaxed circuit specifications.
Introduction
The mobility of any wireless communication system prefer the use of sigma -delta (ΣΔ) band-pass converters because of the low power capability 1 .But the fact that, the noise transfer function (NTF) has multiple zeros at the intermediate frequency, reduces the noise shaping effect when increasing the signal band. In order to accomplish realizable ΣΔ modulators for high bandwidth applications, a loweroversampling ratio (OSR) is preferred.
The time interleaving (TI) technique offers an attractive solution for the high-speed communication applications to achieve high signal-to-noise ratio (SNR) atlow OSR using low-order modulators 2 . In the two path ΣΔ modulator 3 , two ADCs operate in parallel, using different clock phases and each path runs at 1/2 the sampling frequency and thus enables advantages of having low OSR in order to accomplish realizable ΣΔmodulators with elevated SNR, for high bandwidth applications. The two-path architecture achieves the same SNR of single-path architecture with a lower orderloop filter with benefits in terms of stability and complexity 4 -6 . The noise cross-coupling technique is used to reduce the hardware requirement, where the part of the required NTF for a single path is attained from the other paths 7 . Hamidi et al. proposed an unextended and extended noisecoupling techniques in TI cross-coupledΣΔ modulators to improve the effective order to (2N−1) in case of low-pass filter which is tried here to be emulated to the band pass counterpart. Jos et al. proposed an enhanced version of this named dual extended noise coupling techniques which further improves the effective order to 2N 8 . The idea of cross coupling is extended to the band pass 9 -12 ΣΔmodulators. In this paper we propose three architectures, namely simple cross-coupling, extended cross-coupling, and dual extended cross-coupling architectures for band-pass ΣΔ modulators. The paper is organized as follows. Section 2 described simple cross-coupled architecture for band-pass ΣΔ modulators. Section 3 presents extended cross-coupled architecture for band-pass ΣΔ modulators and section 4 investigates a dual extended cross-coupled architecture for band-pass ΣΔ modulators. Section 5 analyses the behavioural level simulations of the proposed three schemes and compares with the conventional band-pass feedback ΣΔ modulator. Finally, the conclusions are made in section 6. Each path forms a first order ΣΔ band pass modulator. Two auxiliary inputs are created by separating delay block from the integral operator and splitting the delay block itself, where the noisecoupled matrices are injected.The interpolation by 2, used to obtain the output at , reduces the noise power of each path by 2. Therefore, the total noise power equals the noise power of a single path [4] . The quantization error (Ɛ) is computed by subtracting the input of ADC from the output of the DAC for each path. Quantization errors of paths are injected separately into two2-input, 2-output bank of coupling matrices K', and K'', respectively and the outputs of thisbank are coupled as shown in Fig. 1(a) .The single path of the extended cross-coupling model is shown in Fig.1(b) .
The paths are using two non-overlapping phases of the main clock frequency and the output vectors aremultiplexed (i.e., added) to generate the overall output sequence as where X(z) and Y(z) denote the Z-transform of x(n) and y(n), respectively, and E(z) represents the z-transform of the combined quantization noise sequence.
Noise Transfer Function (NTF) Synthesis
The NTF for the two-path cross coupled band pass modulator is obtained by applying transformation to low-pass transfer function
.Two transformations were brought in. The first transformation is to make it band pass by applying and the second transformation to make it an N path structure by applying z , following the first transformation. Since here we concentrate on the two-path architecture, the second transformation applied is z . Therefore the transfer function becomes:
For a second order band pass modulator NTF is given by,
As illustrated in Fig.1 , the inherent feedback of the ΣΔ loop generates the term (1-) for each path. The additional terms ( ) should evolve from the other cross-coupled path in order to complete the NTF. That is, [ A part of NTF is evolved from the other cross-coupled paths is brought about in the block diagram using the coupling matrices K' and K''. In order to get the second order band-pass NTF the matrices K' and K''will be
Extended Cross Coupling Architecture for ΣΔ Band Pass Modulator
The proposed model is an enhancement of simple cross-coupling architecture explained in the previous section. This architecture gives an effective NTF order of three, with a small change in the coupling matrices. The block diagram in Fig.1(a) stays the same for the model, with modified coupling matrices K' and K''.
For a third order modulator
The inherent feedback of the ΣΔ loop generates the term (1-) for each path. The additional terms is obtained from the other cross-coupled paths in order to complete the NTF. The matrices K' and K'' will be The single path of the extended cross-coupling model is shown in Fig.2. 
Dual Extended Cross Coupling Architecture for ΣΔ Band Pass Modulator
The model proposed here, which is also an enhancement of simple cross-coupling architecture explained in section 2. This architecture gives an effective NTF order of four with a further change in the coupling matrices. The block diagram in Fig.1(a) stays the same for this model also, but with modified K' and K''.
For a fourth order modulator,
=
The inherent feedback of the ΣΔ loop generates the term (1-) for each path. The remaining terms is obtained from the other paths in order to complete the NTF. Here K' and K'' will be The single path for this model is shown in Fig.3 . 
Simulation Results

Output spectra of the three models
Simulations of the proposed models were carried out using MATLAB with bandwidth set to 4 MHz and an OSR of 107. The results obtained for the proposed schemes are depicted in Fig.4 Table 1 . depicts the results of the simulations done for the proposed models which confirm improvement in the SNR. 
Comparison of the proposed models with the conventional Band pass ΣΔ Modulator
The spectrum of the three proposed architectures is shown in Fig.4 and performance comparison of the proposed band-pass ΣΔ modulator architectures with conventional band-pass feedback architecture is shown in Fig. 5 . The comparison is performed using the results obtained in the behavioural simulations carried out. Fig. 4a illustrates the output spectra of simple cross-coupled band-pass ΣΔ modulator. Fig.4(b) . shows the output spectrum of the extended architecture and Fig. 4(c) . portrays the output spectrum of dual extended structures. Fig.6 . shows the detailed comparison of the architectures with the conventional model. For the conventional band-pass ΣΔ modulator SNR is less when compared to the proposed architectures. But, the detailed figure shows more pass-band noise suppression for the conventional band pass ΣΔ modulator which should reflect as a higher SNR. The signal harmonics at higher frequencies is the reason for bringing down the SNR and its performance, which is dealt with in all the three architectures proposed in this paper.
The effective NTF order obtained for simple architecture is 2, and that of extended architecture is 3. NTF order of the dual extended architecture is 4 and it is evident that the noise shaping improves with the three architectures when compared to the conventional band pass feedback architecture. 
Conclusion
Three architectures for effective noise shaping in band-pass ΣΔ modulators are proposed namely simple crosscoupling architecture, extended cross-coupling architecture and dual extended cross-coupling architecture. The proposed architectures achieve an increased NTF order, which has been demonstrated by behavioral simulations. One of the major draw-back in the conventional band pass ΣΔ modulator, presence of signal harmonics, is mitigated using the proposed enhanced noise shaping architectures is also illustrated in the paper. The practical implementation does not require any extra integrator and hence capable of greatly relaxing the circuit complexity. The time interleaving concepts along with the reduced hardware requirement of the proposed modulator demonstrates its potential for low power, high bandwidth, higher performance wireless communication applications. 
